The interaction between three phenolic compounds (catechin, caffeic acid and ferulic acid) onto two dietary fibres (cellulose and xylan) has been evaluated to inquire possible interferences on the biodisponibility of phenolic compounds. The adsorption kinetics were performed using solutions containing 100 mg/L of phenolic compounds during a contact time ranging between 10 and 120 minutes at pH 2.0, 4.5, and 7.0. After the kinetics, isotherms were obtained using phenolic compounds concentration ranging between 10 and 80 mg/L during 60 minutes, at pH 2.0 and 7.0 and temperature of 36 °C. Results indicate that adsorbed quantities mainly changed in function of pH, however the maximum adsorption was only of 0.978 mg of caffeic acid/g of xylan at pH 2 and after 60 min. Redlich-Peterson model were able to predict the adsorption isotherms of all phenolic compounds onto cellulose, except for caffeic acid at pH 7.0. The low adsorption capacities observed suggest that both dietary fibres are unable to compromise the biodisponibility of phenolic compounds, especially in the small intestine, where they are partially absorbed.
Introduction
Interest in dietary fibres (DFs) has grown, due to their benefits for health. Such fibres reduce the risk of developing medical disorders as obesity, hypertension, constipation, type II diabetes and hyperlipidemia (Fietz & Salgado, 1999; Bernaud & Rodrigues, 2013) . However, some fibres reduce the bioavailability of minerals, other nutrients and drugs by interacting with these additional dietary components (Watanabe et al., 2006; Dliveira et al., 2014) .
DFs are a complex of water-soluble and water-insoluble fibres (Turley et al., 1991) . The amounts and types of fibres in the diet can influence the levels of macronutrient hydrolysis and absorption by interfering with enzymatic activities in the small intestine (Anderson et al., 2009 ). Cationic exchange is one action of these fibres that can occur at physiological pH when fibre-associated phytates and phenols form insoluble compounds with minerals, which reduce the intestinal absorption of these micronutrients (Brune et al., 1989) .
The principal DFs are the polysaccharides cellulose, hemicellulose, pectins, mucilages, fructooligosaccharides, inulin, resistant starch, and the lignin, which is a complex polymer formed from three monolignol monomers (Amaral et al., 2008) . The sources of DFs are fruits, vegetables, legumes, roots, tubers, nuts and grains (Marlett, 1992; Tungland & Meyer, 2002) .
Phenolic compounds (PCs) have been extensively studied due to their antioxidant properties and strong influence on the food quality (Augusto et al., 2014) . These compounds include a wide variety of molecules, like phenolic acids, the simplest ones, consisting in a C6-C1 or C6-C3 structure, the flavonoids, which are the most abundant and presenting a C6-C3-C6 structure, and the stilbenes with their C6-C2-C6 structure. The consumption of certain foods may alter the bioavailability of PCs through their direct interaction with others food components, such as proteins and polysaccharides (Manach et al., 2004; Silberberg et al., 2006; D' Archivio et al., 2010) . Due to the individual benefits of PCs and DFs, the food and pharmaceutical industries have shown great interest in these bioactive compounds. However, the interaction between these substances has only scarcely been studied.
Adsorption process use to be influenced by the solution pH (McCabe et al., 2005) . Interestingly, great variability of pH is observed in the gut during digestion (Hollebeeck et al., 2013) . In general, the pH levels reported in the literature for salivary, gastric, and duodenal digestion have presented a low variation, ranging from 5.0 (Minekus et al., 1995) to 6.9 (Lebet et al., 1998) for the salivary step, from 1.1 to 2.8 for the gastric step, and from 6.3 to 7.8 for the duodenal step (Alexandropoulou et al., 2006; Hollebeeck et al., 2013) .
Adsorption is a separation process that is increasingly used in the recovery, concentration, separation and purification of compounds that may have a high aggregate value. This process is characterized as one of mass transfer in which one or more compounds present in a fluid phase adhere to a solid surface (Geankoplis, 2003) . Mwangi et al. (2014) , Wu et al. (2014 ), Mekoue Nguela et al. (2015 , and Strachowski & Bystrzejewski (2015) studied the adsorption process of phenolic compounds onto different organic compounds. In the literature, there are diverse models that describe adsorption isotherms. The Langmuir and Freundlich equations stand out as the most frequently used equations to represent these isotherms because of their wide applicability, ease of adjustment, wide range of operating conditions (Chu et al., 2004) and ability to explain the adsorption of biological compounds (Ribeiro et al., 2002; Gao et al., 2013) .
Adsorption capacity of phenolic compounds onto cellulose and xylan
This study aimed to assess natural interaction between PCs (catechin, caffeic acid and ferulic acid) and dietary fibres (cellulose and xylan) in relation to digestion pH ranging from 2.0 to 7.0 and normal PCs concentration found in foods using adsorption processes.
Materials and methods

Dietary fibres
The DFs cellulose and xylan (Sigma, Steinhelm, Germany) were used to evaluate the PCs and DFs interaction. The choice of these fibres was based on preliminary tests of solubility of cellulose, pectin, lignin, xylan and inulin in water. Cellulose and xylan ( Figure 1 ) were the least soluble, which allows a greater facility for separation of the fibres after adsorption processes.
Phenolic compounds
The following factors were used in choosing the PCs: significant occurrence in the plant kingdom, ready availability, commercial value and water solubility. Using these criteria, the following pure compounds (HPLC grade) were selected: the flavanol catechin (Fluka, Buchs, Switzerland) of the flavonoid class, and caffeic acid (Fluka) and ferulic acid (Sigma) of the phenolic acid class, cynamic acid subclass (Figure 2 ).
Solvent and process conditions
Ultrapure water was used as solvent in the adsorbent system (solute/solvent/adsorbent). Water was selected as the solvent based on human digestive physiology, and its capacity to dissolve more of the PC than the DF, which facilitated the separation of the fibres by centrifugation after adsorption process. The temperature utilized for the procedure was 36 °C to approximate the human body temperature. The pH levels were 2.0 to simulate stomach chyme, 7.0 to simulate the ileum chyme and 4.5, which is the arithmetic mean of the previous values (Hollebeeck et al., 2013) .
Adsorption kinetics
The adsorption kinetics were determined to assess the affinity between the different DFs (adsorbent) and PCs (adsorbate), establish the best duration for the adsorbate-adsorbent interactions and determine an appropriate concentration range for the PCs solutions that were utilized to obtain the adsorption isotherms. Each PC was solubilized at the three pH levels using the following 0.1 M buffers: pH 2.0 (HCl/KCl), pH 4.5 (CH 3 CDDH/CH 3 CDDNa) and pH 7.0 (NaH 2 PD 4 /Na 2 HPD 4 ) (Lehninger & Nelson, 2006) . The PC concentration in these trials was fixed at 100 mg/L, which is the average concentration of these bioactive compounds in the digestive tract (Mullie et al., 2007) . PCs were first solubilized in ethanol and then in buffers, with a final concentration in ethanol of 4% (v:v) . The samples were subjected to an ultrasonic bath for 3 minutes. After complete solubilization, the solutions were kept away from light to avoid possible degradation. The adsorbate:adsorbent (w:v) ratio was 1:50, mimicking the ratio usually found in foods (Pereira et al., 2004) .
Ten milliliters of each PC solution (100 mg/L) was added into 75 mL amber vials containing 50 mg (0.5% mass/volume of solution) of the DF. The vials were saturated with gaseous nitrogen, sealed and placed in a shaker at 36 °C with mechanical shaking of 150 rpm for 10, 20, 30, 60, 90 and 120 min. Then, the samples were centrifuged at 3,500 rpm for 5 min to force sedimentation of the fibres and collect of the supernatants. The supernatants were stored in amber vials saturated with gaseous nitrogen until the PC quantification. The concentration of PC adsorbed was calculated using the difference between the concentration of PC before (C o ) and after the adsorption process.
Obtaining the adsorption isotherms
In this step, the conditions were the same as those of the kinetics trials, except that the concentration of the phenol solution varied from 10 to 100 mg/L, and the duration of contact between the PCs and the DFs was fixed at 60 min. These conditions were established based on the adsorption kinetics. The adsorption isotherms were obtained for the phenols catechin, ferulic acid and caffeic acid at pH 2.0 and 7.0 in cellulose.
Quantification of the phenolic compounds
PCs were quantified by HPLC using a previously described methodology (Souza et al., 2008) . The system and operating conditions were as follows: a Shimadzu series LC-10Avp (Tokyo, Japan) HPLC apparatus paired with an SPD-M20A diode array detector, an automatic SIL-10AF injector, a column oven at 30 °C, a precolumn Gemini analyzer with a 3.0 × 4.0 mm internal diameter and a Gemini C 18 column of 250 × 4.6 mm internal diameter with a particle size of 5 μm (Phenomenex, Torrance, CA) and the Class VP chromatography data station software (Shimadzu). The elution gradient was composed of ultrapure water (solvent A) and acetonitrile (solvent B), both with 1% formic acid. The flow rate was 0.75 mL/min with 18-27.6% of B in 6 min, 27.6-49% of B in 2 min, 49% of B for 5 min, 49-18% of B in 2 min, and 18% of B for 10 min. All of the samples were filtered through 0.45 μm membrane, and the injection volume was 20 μL. The PC peaks were identified by comparing the retention times of the peaks with those of standards and by sample coelution with the standards. The compounds were quantified using external calibration curves generated for each pH using three observations at each of five concentrations ranging from 5 to 100 mg/L (Skoog et al., 2007) . For quantification of the phenols, injections to compare the area of the phenol peak with that of the standard were conducted in duplicate. . The fit quality of the models for the adsorption data was estimated by the coefficient of determination (R 2 ) and p-values of regression. Table 1 shows the adsorption data for the PCs onto cellulose at the different pH levels. These data show that the adsorption capacity varied with the PC and the pH. For all PCs, the greatest adsorption occurred at pH 2.0, and the maximum adsorption was 0.478±0.071, 0.880±0.102 and 0.529±0.015 mg/100 mg of cellulose for catechin, caffeic acid and ferulic acid, respectively. Interestingly, the effect of pH varied among the three PCs. An increase in pH caused a reduction in the adsorption capacity of cellulose for ferulic acid. For caffeic acid, the adsorption decreased at a pH of 4.5 but showed little additional change as the pH was increased to 7.0. For catechin, the adsorption was minimal at the intermediate pH (4.5) but increased again at pH 7.0. The maximum adsorption indicated a greater affinity of caffeic acid for cellulose compared with ferulic acid and catechin, which adsorbed at similar levels. Table 2 presents data on the PC adsorption onto xylan at the three pH levels. This DF has also produced adsorption results that varied with both the PC and the pH. The adsorption was greatest at pH 2.0 and reached levels of 0.642±0.023, 0.978±0.060 and 0.568±0.028 mg/100 mg of xylan for catechin, caffeic acid and ferulic acid, respectively. Also, xylan had the greatest adsorption capacity to caffeic acid, and catechin and ferulic acid were adsorbed in similar quantities. Mwangi et al. (2014) found adsorption capacities from 0.45 to 0.88 mg/100 mg for phenolic compounds onto quaternised maize tassels at pH 6.0.
Statistical treatment and prediction of the adsorption isotherms
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Results and discussion
Adsorption kinetics
Among the studied PCs, the greatest adsorption capacities of both the cellulose and the xylan fibres were observed for the cinnamic acids, and the quantity adsorbed was approximately 70% greater for the caffeic acid than for the ferulic acid. The only structural difference between the two phenolic acids is the presence of an -DH group in C3 of the aromatic ring in caffeic acid and an -DCH 3 group in ferulic acid (Figure 2 ), leading to a greater polarity for the caffeic acid (Robards et al., 1999) , which would increase interaction with the surface of the cellulose and xylan through hydrogen bonds.
The adsorption behavior of the phenols in both cellulose and xylan at varying pH levels can be explained by the pKa values. Caffeic acid, ferulic acid and catechin have pKa values of 4.37, 4.50 and 8.64, respectively (Maegawa et al., 2007) . By definition, when the pH of a solution is equal to the pKa of a compound in solution, 50% of the molecules of the solute are in an ionic state and dissociated. When the pH is greater than pKa, the dissociation of the -CDDH or -DH group increases and the molecular form decreases (Srivastava et al., 2006) . Most phenolic acids are on a molecular form when the pH is less than 4 and are in the ionized form when the pH is greater than 4. Dne of the principal consequences of the ionization of phenolic acids is a major hydration (Fennema, 2000) , which prevents interaction with non-ionic adsorbents, because the binding energy of the adsorbate is greater with the water than with the adsorbent. Thus, this hydration can explain the reduced adsorption capacity of caffeic and ferulic acids with increasing pH onto both the cellulose and xylan fibres.
The greater adsorption capacities onto DFs for the caffeic and ferulic acids at pH of 2.0 can also be explained by the abundance of -DH groups on both the phenolic acids, and the cellulose and xylan fibres. These -DH groups increase the probability of hydrogen bridges between the DFs and PCs. The -CDDH acid groups would only be in a molecular form at this pH level, enhancing the hydrogen bonds possibilities with the non-ionic adsorbents. For the flavanol catechin, its lower affinity for the cellulose and xylan can be explained by its typical tridimensional conformation. In fact, these compounds exhibit chirality in the C2 and C3 positions of the C ring that greatly reduces the formation of hydrogen bonds with the polar groups of the fibres.
The PC adsorption onto both the cellulose and the xylan was low in this study compared with that of other adsorbents reported in the literature. Pompeu et al. (2010) observed adsorption capacities of 13.3, 6.3 and 11.7 mg/100 mg of synthetic macroporous resin for catechin, and caffeic and ferulic acids, respectively. The low levels of adsorption observed in this study could be attributed to the lower specific areas of the DFs compared with the synthetic resins and a greater affinity of the phenols for the water solvent than for the fibres. Microcrystalline cellulose has a specific area of 2.39 m 2 /g (Padilha et al., 1995) , whereas this value varies between 400 and 1200 m 2 /g for macroporous resins (McCabe et al., 2005; Pompeu et al., 2010) . Dther phenols also showed superior adsorption on synthetic resins and other materials (Li et al., 2002; Bilgili, 2006; Strachowski & Bystrzejewski, 2015) .
From the adsorption kinetics data at a pH 2.0 (Tables 1  and 2) , it was established for all of the combinations of the PCs and DFs studied that the greatest mass transfer of solute to the adsorbent occurred within the first minutes of contact. After 10 minutes, the mass transfer decreased significantly, which indicated saturation of the active sites of the adsorbent. Instantaneous adsorption would implicate a chemical process, which involves electrostatic forces and covalent bonds and is generally limited to the formation of a monolayer (Teixeira et al., 2001; Mwangi et al., 2014) . However, the adsorption kinetics varied significantly among the phenol-fibre combinations after maximum adsorption was reached, which indicates competition between the fibres and the solvent for the PCs and, consequently, that the PC-fibre interaction was not sufficiently strong to confirm a chemical bond. This variation was most evident for the adsorption of catechin, which corroborates its lower affinity for the fibres.
In comparing the different two-way combinations between the three PCs and the two DFs within each of the three pH levels, there was no significant difference (p > 0.05) for the adsorption of caffeic acid by cellulose compared with xylan regardless of the pH level, and the catechin and ferulic acid were similarly adsorbed by xylan (p > 0.05) in the trials conducted at pH 2.0 and 4.5. All other possible two-way combinations showed a significant difference (p ≤ 0.05).
Adsorption isotherms
The adsorption isotherms of PCs onto cellulose are shown in Figures 3 and 4 for pH 2.0 and 7.0. These figures also show lines indicating the adjusted isotherms of the Langmuir, Freundlich, and Redlich-Peterson models, whose the fitting parameters are shown in Table 3 . Dnly the cellulose isotherms at pH 2.0 and 7.0 are presented, due to the similar adsorption behavior of xylan. According to Weber (1972) , the behavior of the isotherms of caffeic ( Figure 4A ) and ferulic ( Figure 4B ) acids indicates favorable adsorption, the behavior of the catechin isotherm ( Figure 3 ) at pH 7.0 indicates unfavorable adsorption, and the linear behavior of the catechin isotherm at pH 2.0 indicates an intermediate process. Some authors have observed similar behaviors by adsorption isotherms of PCs in synthetic resins (Li et al., 2002; Bilgili, 2006; Pompeu et al., 2010; Gao et al., 2013) .
The coefficient of determination values (R 2 ) close to unity (Table 3 ) and p-values of regression lower than 0.05 indicate that the Freundlich and Redlich-Peterson models are able to predict the adsorption isotherms of catechin (Figure 3) , and Langmuir and Redlich-Peterson models are able to predict the isotherms of caffeic and ferulic acids (Figure 4) onto cellulose, except for caffeic acid at pH 7.0, for which the low adsorption contributes to high variation in the equilibrium. The Langmuir model assumes that adsorptions occur at specific homogeneous sites onto the adsorbent and is used successfully in many monolayer adsorption processes. The Freundlich model is applicable to both monolayer (chemisorption) and multilayer (physisorption) adsorption and is based on the assumption that the adsorbate adsorbs onto the heterogeneous surface of an adsorbent. The Redlich-Peterson model contains three parameters and incorporates the features of the Langmuir and the Freundlich models (Pillai et al., 2013) . These characteristics justify the good fits of the Redlich-Peterson model for both the flavanol catechin as for phenolic acids.
The maximum adsorption capacity (Q M ) of the isotherms that presented favorable adsorption (caffeic and ferulic acids) confirms a greater affinity by cellulose for caffeic acid (0.94 mg/g) than for ferulic acid (0.69 mg/g) at a pH of 2.0 (Table 3) . The Q M values were well below those reported in the literature for the adsorption of caffeic (45.13-63.13 mg/g) and ferulic (95.66-117.63 mg/g) acids onto synthetic macroporous resins (Pompeu et al., 2010) .
The a L values, which represent a relationship between adsorption and desorption, ranged from 0.0001 to 0.0005 L/mg for catechin, and 0.0088-0.0338 L/mg for caffeic and 0.0129-0.0141 L/mg for ferulic acids. These values also confirmed the greater cellulose affinity for caffeic acid and the lower affinity shown for catechin. However, the low values of solute adsorbability (K L < 0.01) demonstrated a low interaction between the three phenols and cellulose.
The K F values (Table 3) , which represent the adsorption capacity by the Freundlich model, showed the same tendencies as those of the Q M values for the interaction between cellulose and the three PCs. Values of b F > 0.45 also confirmed the weak interactions of cellulose with the PCs, especially catechin. According to Treybal (1980) values of b F < 0.1 indicate high interaction between adsorbate and adsorbent, while values between 0.9 and 1.0 indicate low interaction in an adsorption process.
Physiological considerations
Direct interactions between PCs and other food components, such as bonds with proteins and polysaccharides, and direct effects, such as that of pH, can interfere with the PC absorption by the gut (Silberberg et al., 2006) . In relating the results obtained in this study to physiological parameters and the PC bioavailability, we conclude, based on the low levels of adsorption observed, that adsorption of catechin, caffeic acid and ferulic acid by the DFs cellulose and xylan would not compromise their absorption by the intestinal epithelial cells, where most of the phenols are known to be absorbed, especially at a pH close to 7.0 (Dliveira & Bastos, 2011) . However, more studies are necessary to confirm our conclusion, especially in relation to DFs, which are generally associated with polyphenols in the food matrix (Manach et al., 2004) .
Conclusions
The greatest adsorption of catechin, and caffeic and ferulic acids by cellulose and xylan occurred at a pH of 2.0. Dverall, maximum adsorption for the PCs onto DFs occurred after them had been in contact for only 10 minutes. The Langmuir and Redlich-Peterson models were able to predict the isotherms of caffeic and ferulic acids, while the Freundlich and RedlichPeterson models showed efficient to describe the isotherms of catechin onto cellulose. The low adsorptions of catechin, and caffeic and ferulic acids onto cellulose and xylan suggest that these interactions are too weak to compromise the biodisponibility of these substances, especially in the small intestine, where they are partially absorbed.
